The percentage of moisture content is one of coal's inherent characteristics, which has a crucial aspect in the occurrence of the spontaneous combustion of coal (SCC) and has long been an attractive issue for analysis among scientists. A complete understanding of this phenomenon helps experts in the prediction and prevention of its occurrence. For this reason, the present work predicts this phenomenon based on moisture content. Thus, a fi nal conclusion about the eff ect of this parameter was determined. Fifty-one coal samples with diff erent percentages of moisture content were collected from underground coal fi elds in Iran for the practice training and testing of crossing point temperature (CPT) and R70 test methods. Then, the method of regression analysis was used for modelling and predicting the SCC tendency. The results showed that coal samples were oxidized most rapidly when the moisture content supply was under 20%, and it can reduce the prevalence of the SCC in situations when the moisture was in excess of 20% because the heat released by oxidation is used to evaporate the moisture. For validation and testing, 13 coal samples of another coalfi eld were collected and CPT and R70 test methods were carried out. The results of the test methods were compared through regression equations. The results obtained from the models indicate a good appropriate prediction in terms of the determination of the SCC tendency by regression analysis.
Introduction
The Spontaneous Combustion of Coal (SCC) is a universal hazard in coal industries. In this process, coal exposed to the air reacts with oxygen, gets rapidly oxidized, and starts an open fl ame. This process can appear anywhere in all divisions of coal mining. Environmental components are extremely affected after the occurrence of the SCC. This phenomenon affects the direct failure of equipment, loss of coal reserves, releases noxious gases, heat, smoke, dust, and causes serious environmental, economic, and social threats (Saffari et al., 2013; 2019a) .
Due to coal's intrinsic characteristics, which include moisture content, the phenomenon has occurred in coal mines. (Xuyao et al., 2011) . The moisture content has an important role in this phenomenon and has remained unclear despite the fact that it has been studied over a long period of time by researchers. The moisture content of coal infl uences coal oxidation, and there are opposite effects of moisture content on the SCC (Bhat and Agarwal, 1996; Liang and Wang, 2003; Xu et al., 2013) . By some, the presence of moisture content has been considered as absolutely required before the SCC will take place; others have said that moisture merely facilitates or accelerates the self-heating that would take place without it; while still others claim that even a small amount of moisture will prevent the SCC.
Researchers have already handled research on how moisture content affects the SCC liability, and a summary of their results is shown in Table 1 . Table 1 , shows how moisture plays a different role in coal oxidation, but the results of these studies are contradictory and moisture content has a complex infl uence on this phenomenon. So a comprehensive study for the evaluation of the effect of moisture content on this phenomenon is mandatory. Therefore, in this work, 51 coal samples with different percentages of moisture content were collected from underground coal fi elds in Iran (Tabas Parvadeh coal mine, Eastern Alborz coal mine, and Kerman coal mine) for the practice training and testing of crossing point temperature (CPT) and R70 test methods. These tests were carried out for each of the coal samples, and the results of general regression analysis equations were compared to the moisture content and these indexes. Then for the validation and testing of these equations, 13 coal samples from the Central Alborz coal mine, which is one of the coal fi elds in Iran, were collected and CPT and R70 test methods for each of the coal samples were carried out, and the results of the test methods were compared with regression equations.
Materials and methods

Coal samples and Laboratory studies
The crossing point temperature (CPT) and R70 test methods are used successfully for the evaluation of the SCC propensity. In this study of datasets, 64 coal samples were collected and laboratory tests (moisture content, CPT, and R70 test methods) were conducted.
Coal samples were freshly collected directly from the worked face of the mine. The samples were collected and transferred directly to the laboratory to avoid the possibility of peroxidation, along with the required amount of samples for each experiment, all in accordance with the methods provided by After removing a coal seam of approximately 25 cm thickness to avoid the possibility of peroxidation, the samples were sealed in airtight plastic bags, immediately after collection to avoid oxidation, which was completely fi lled with nitrogen and contained approximately 5 kg of coal, mostly in lump form. An airtight bag is produced using aluminum-coated polyester, which allows for the maximum reduction of oxygen permeability. Each sample bag was clearly labelled with a chosen number. The samples were delivered to the laboratory as rapidly as possible in an ice-fi lled insulated container to avoid their peroxidation. Upon arrival, they were stored and prepared under laboratory conditions (room temperature). In order to minimize unnecessary oxidation, the samples were maintained in lump condition and were kept undisturbed in the laboratory prior to each test. After the test facility was ready, the plastic bag was unwrapped, its surface was removed, and its interior core was crushed to obtain the samples. In order to minimize the effects of oxidation on fresh surfaces, a coal test was carried out on the samples just before each run.
For the CPT test, coal particles ranging from 0.18 mm to 0.38 mm were sieved to provide experimental procedure. For the R70 test, coal with particle sizes of <212 μm was sieved to provide experimental procedure. The CPT and R70 test method require 60 g (±0.01 g) and 150 g (±0.01 g) of crushed coal samples, which were packed into the coal reaction vessel, respectively. In order to minimize the effects of oxidation, samples were ground and prepared just before each run.
Samples were extracted from several coal fi elds in Iran. Fifty-one coal samples intended for training were collected from the Tabas Parvadeh coal mine, the Eastern Alborz coal mine, and the Kerman coal mine. General equations were applied to these samples in order to evaluate the relationship between moisture content and CPT, and R70 indexes. Then for the validation of these Figure 1 shows the locations of the case studies. Basic descriptive statistics of the moisture content for this study are given in Table 2 .
Experimental apparatus and methods
Crossing point temperature (CPT) method
The essence of this method is as follows. A coal sample is placed in a reactor in an oven which is being heated at a constant rate. The programmed adiabatic oven was set to run at a fi xed temperature of 50 °C while dry air with oxygen (oxygen concentration was 99.999%) was passed to fl ow through the coal reaction vessel at a rate of 50 mL/min. The temperature logger was used to continuously monitor the coal and surrounding temperatures. When the coal temperature achieved 50 °C, the programmed adiabatic oven was set to raise the temperature at a programmed rate of 1 °C/min while the fl ow rate of dry air was maintained at 50 mL/min. The experiment ended when the coal temperature was higher than the surrounding programmed adiabatic oven and when the coal sample temperature equalled the linearly ramped oven temperature. This temperature is called the crossing point temperature (CPT) (Nugroho et (Kim, 1995) Rapidly accelerating oxidation as self-heating progresses
R70 method
The essence of the R70 method is as follows. A ground coal sample (with particle sizes of <212 μm) is dried in an adiabatic oven at a temperature of 105-110 ºC for 16 hours under inert gas fl ow (nitrogen). Whilst still under nitrogen fl ow (nitrogen concentration was 99.999%), the coal is cooled to 40 ºC in the same environment, and after that, it is stored in oxygen-rich air fl ow (oxygen concentration was 99.999%) at a temperature of 40 ºC. Under the latter conditions, coal oxidation is initiated and processes of self-heating are observed. The average rate of coal heating from 40 to 70 ºC is considered to be the index R70 (ºC/h). The higher the value of such an index, the more prone the coal is to spontaneously combust. Such a method is the most effi cient one with respect to the simple characterization of a coal's propen- Figure 3 shows a simplifi ed diagram of the set utilized for the oxidation of coal. Figure 4 shows a schematic sample container (bomb) of the apparatus. The apparatus consists of the following, as shown in Figure   5 , and was made in the Shahrood University of Technology in Iran (Faculty of Mining, Petroleum & Geophysics Engineering).
Testing system
• a temperature-programmed adiabatic oven;
• an electric heater;
• a fan;
• a sample container (bomb) (made of pure aluminum and is respectively connected with an inlet for an air supply path, thermocouple for temperature measurement and an outlet for the air outlet path) (see Figure 4) ; • a 15 m gas preheating copper tube; • two thermocouples (thermocouple #1, used to monitor the oven temperature, and thermocouple #2, used to measure the coal sample temperature); • JUMO Dicon touch (control panel), which consists of:
• a data logger (for recording temperature changes in the coal sample over time); • a micro controller (the programmed adiabatic oven was set to increase the temperature with a micro controller); 
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The • a computer;
• a 50 kg O 2 gas cylinder (the air supply system); • a 50 kg N 2 gas cylinder (for preheating of the coal sample to 50ºC to start the test); • a pressure reducing valve; • a fl ow meter.
Modelling and discussion
This section provides an optimal model for predicting the SCC tendency based on regression analysis. For modelling in this research, after conducting the experimental tests, a set of data including 64 experimental tests was collected, among which 51 test samples are selected as training data and the remaining 13 samples were se- lected as the test data. Additionally, as mentioned above, moisture content is considered as the input data and the R70 and crossing point temperature (CPT) test methods are the output parameters of the SCC tendency model. The results of moisture content fi t R70 and CPT test methods in Tabas Parvadeh, Eastern Alborz, and Kerman coal mines which were used for training data are shown in Figure 6 , and regression analysis is given in Equations 1 and 2. 
Where M is moisture content.
As shown in Figure 6 , the SCC status shows two different points due to the moisture content of coal. Generally, the maximum propensity of SCC increases steadily for low-medium moisture content (about less than 20%) in coal. However, with high moisture content (in excess of 20%) in coal, the temperature increases rapidly at the beginning and then evaporation commences, thus the temperature approaches a steady state value. In this phase, heat liberation due to the chemical reaction and heat dissipation due to evaporation and other transfer mechanisms are approximately equal, so the propensity of the SCC is decreased. Also, the existence of moisture can obstruct oxygen from accessing the coal's surface. Hence, moisture in coal can play an inhibiting role in the oxidation process. Therefore, in this level, a safety issue develops due to the very high moisture content of coals.
It is considered that another inhibiting effect of moisture in high percentages is that the moisture condensed in pore channels blocks the oxygen diffusion toward the reaction sites in pore walls (Wang et al., 2003) . Once oxygen molecules are accessible to almost all reaction sites in coal pores, moisture will play an active role in coal oxidation because it is necessary for the chemisorption reactions and chain reactions (Clemens et . Thus, moisture's ability of heat-absorbing helps to cool down the coal's temperature. In addition, the water fi lm formed isolates oxygen from coal and inhibits its spontaneous combustion (Yang et al., 2017) . As shown in Figure 7 , when high percentages of moisture exist in coal pores of coal, the moisture doesn't allow oxygen to react with coal, but when the moisture evaporates, the porosity of coal increases, and the oxygen is adsorbed into the micro-pores of coal, thus the temperature of coal increases, as well as the SCC tendency. 
Validation of the proposed models
In this section, the performance of the developed prediction models was evaluated using the 13 collected coal samples from the Central Alborz coal mine in Iran.
Crossing point temperature (CPT) and R70 test methods for each of the coal samples were carried out, and the results of the test methods are given in Table 3 ing data were predicted and the predicted values were compared with the measured values. Table 3 and Figures 11 to 12, show this comparison between the predicted CPT and R70 using the proposed regression models with the actual CPT and R70 values.
In this work, the adequacy of the prediction model was also evaluated in terms of the coeffi cient of determination (R 2 ). Figures 11 and 12, show the relationship between the measured and predicted values, with a good coeffi cient of determination, obtained from the prediction models. A value for R 2 close to one shows a good fi t of the prediction model, and a value close to zero presents a poor fi t. As can be seen, the coeffi cient of determination was 1 for CPT and R70.
The criteria of the root mean square error (RMSE), the proportion of variance accounted for (VAF), the mean absolute percentage error (MAPE), the mean absolute error (MAE), and the variance absolute error (VARE) were used to evaluate the performance of models. These criteria are expressed in Table 4 .
Furthermore, a prediction model is accepted as excellent when RMSE, MAPE, MAE, and VARE are equal to zero and VAF is 100%. The statistical values for the mentioned criteria, obtained from the proposed regression model, were calculated in Table 5 . The statistical values for the mentioned criteria indicated an acceptable performance of the proposed model. Therefore, the output of these models can be considered as a preliminary estimation of the SCC propensity based on moisture content, and show the proper accuracy of these modelling.
Conclusions
After a comprehensive study of the literature review, it's clear that the percentage of moisture content is a very important factor in the occurrence of the SCC phenomenon. Therefore, for a fi nal conclusion about the effect of this parameter on the SCC tendency, a comprehensive study was done. In this study, 51 coal samples with different percentages of moisture content for training data of overall underground coal fi elds in Iran were collected and crossing point temperature (CPT) and R70 test methods for each of the coal samples were carried out. Then, 13 coal samples for testing from another coal fi eld in Iran were selected and used for validation of the regression equations. Coal samples were oxidized in an adiabatic oven in the "as received" state. The results show that moisture content can affect the SCC in two ways, which are, as the important discoveries arising out of this study, summarized below:
1) The presence of a low level of moisture in coals catalyses the iron, so this reaction accelerates. The results show that a coal sample oxidizes most rapidly when the moisture content supply is less than about 20%. So, moisture content (under 20%) in coal has a great infl uence on the heat released during coal oxidation at low temperatures. On the other hand, when the process of wetting is followed by evaporation, the coal pores are swelled and then cleared. With the pores cleared, a larger surface area is exposed for the coal to react with oxygen and this advances the process of SCC.
2) Moisture content in excess of 20% can reduce the SCC, because when moisture is present in excess of 20%, the heat released by oxidation is used to evaporate the moisture. So, at high moisture levels, there is too Root Mean Square Error (RMSE) A smaller value shows a better fi t (Ideal =0).
Variance Accounted For (VAF) A bigger value shows a better fi t (Ideal=100).
Mean Absolute Percentage Error (MAPE)
A smaller value shows a better fi t (Ideal =0).
Mean Absolute Error (MAE)
Variance Absolute Error (VARE) A smaller value shows a better fi t (Ideal =0). In the above relations, n is the number of data; Y meas and Y Esti are measured and estimated values; var is the variances of the measured and predicted values. much water available and the self-heating is hindered by the heat loss from the moisture evaporation. As the moisture evaporates, the evaporation cools the surface temperature of the coal and this can delay or even stop the SCC process.
3) The results show that there is an explicit need for an assessment of the infl uence of moisture content in the SCC because moisture content has a complex behaviour which should be carefully analyzed.
